Variable retention harvesting (VRH) systems have gained wide use in many different forest types across the globe, but largely have been implemented in forests characterized by severe, infrequent disturbance regimes. There has been less attention given to developing VRH approaches in forests that are characterized as having a mixed-severity disturbance regime that often results in only partial mortality of canopy trees in spatially heterogeneous patterns. One example of such a forest type is red pine (Pinus resinosa Ait.)-dominated ecosystem of the western Great Lakes region of North America. The purpose of this review is to provide a conceptual foundation for developing VRH approaches in red pine ecosystems that are based on a mixed-severity disturbance regime. Our contention is that red pine forests managed following a natural model are more resilient to disturbances and external threats such as climate change. For the red pine ecosystem, VRH application should reflect the often severe, but partial canopy removal from natural disturbance that is characteristic of this ecosystem and that results in more than trivial numbers of surviving overstory trees across a range of spatial configurations in regenerating stands. Retained live trees should span a range of diameters, but favor the larger end of the diameter distribution, as this reflects the likely pattern of survival after natural disturbance and is often a key structural element lacking from managed areas. VRH should be applied in ways that vary the spatial pattern of legacy trees in and among stands, but largely in ways that reflect the pattern of spatially patchy canopy structure, with large openings surrounded by a less disturbed matrix, as occurs with a natural disturbance regime. Legacy trees and deadwood structures should reflect the composition of the pre-disturbance forest, including species in addition to dominant red pine. Finally, retained structures should be viewed as dynamic entities that grow, die, and decay and that need to be documented and accounted for over time. While more organizations are incorporating some form of VRH into policy and practice for red pine-dominated ecosystems, this application is not always based on a comprehensive understanding of the actual natural model of development, which reflects a mixed-severity disturbance regime. Our goal is to review the ecological evidence for this disturbance regime and interpret the structural and compositional outcomes of the disturbance model, so as to advance VRH approaches that better emulate the actual disturbance and development model for this regionally important ecosystem.
Introduction
Variable retention harvesting (VRH) systems have gained wide use in many different forest types across the globe (Gustafsson et al. 2012) . The rationale for VRH is that even the most severe natural disturbances are often not stand replacing and in fact varying amounts of overstory trees escape mortality and significant amounts of large deadwood is created by and remains after the disturbance (Franklin et al. 2000 (Franklin et al. , 2018 . VRH applied in this context can better emulate the structural and compositional outcomes of natural disturbance by leaving varying amounts of large live trees, by retaining existing large deadwood including logs and snags, or by creating deadwood from live trees at the time of harvest. Increasingly, VRH used in this way is one component of a more comprehensive ecological approach to silviculture (D' Amato et al. 2016; Palik and D' Amato 2017) .
The ecological principle addressed by VRH is that of continuity of structure, composition, and function between the pre-and post-disturbance forest (Palik and D' Amato 2017; Franklin et al. 2018) . Use of VRH to emulate natural disturbance in forests managed for timber better ensures some degree of continuity in microclimates, habitat features, and resource environments, compared to forests managed without significant legacy retention. As a consequence, such forests are positioned to sustain the full complement of native species and ecosystem processes that are found in the early post-disturbance environment after natural disturbance and may be more resilient to external threats such as climate change, invasive species, and novel disturbances.
VRH as described is readily applied in forests that experience severe, infrequent canopy disturbances that leave legacy structures behind, such as Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)-dominated forests in the Pacific Northwest or mountain ash (Eucalyptus regnans F. Muell.) forests of southeastern Australia (Franklin et al. 2018 ). Often, these and similar types of forests have been managed historically using even-aged regeneration systems, typically with little retention. A justification for use of the latter management approach has been that it in fact emulates the natural model of stand-replacement disturbance, but ample research in forests characterized by severe, infrequent disturbances demonstrates that VRH approaches better emulate the natural model (e.g., Hansen et al. 1991; Bergeron et al. 1999; Kuuluvainen and Siitonen 2013) .
There has been less attention given to developing a rationale and approach for VRH in forests that are better characterized as having a mixed-severity disturbance regime, where disturbances can be more frequent, may range in severity within and among stands, but often result in only partial mortality of canopy trees in spatially heterogeneous patterns. An example of an ecosystem that fits the mixed-severity disturbance archetype is the mixed-pine forests and woodlands that occur on xeric to dry-mesic sites in the western Great Lakes region of North America. These ecosystems are dominated by red pine (Pinus resinosa Ait.), often with shared importance of eastern white pine (Pinus strobus L.), and with varying amounts of other conifers and hardwood species. Mature and old-growth stands often have complex age structures, abundant large deadwood, and heterogeneous canopy conditions. The characteristic disturbance agent in these ecosystems is fire. Importantly, fires that kill overstory trees are patchy within stands, and thus, they can be less than stand replacing and certainly vary in their severity across a landscape.
Historically, red pine forests have been managed in ways similar to the severe, infrequent disturbance forest type by using even-aged regeneration systems with little to no meaningful retention. More recently, when VRH is applied in these forests, it mirrors its application in forest characterized by severe, infrequent disturbances, by using largely even-aged regeneration systems with the addition of some low level of retention (e. g., Minnesota Forest Resources Council 2013). The distinct difference in the disturbance regime and resultant structural and compositional features of red pine forests, compared to forests characterized by a severe, infrequent disturbance regime, suggests a need for a different approach to VRH in the former, if emulation of a natural model is the goal.
The purpose of this paper is to provide a conceptual foundation for use of VRH in red pine-dominated ecosystems in ways that emulate the natural model of disturbance and development. Specific objectives include: (i) reviewing the evidence for a mixed-severity disturbance regime in red pine-dominated ecosystems, (ii) developing a framework for VRH approaches that emulate the natural model, and (iii) examining real world examples of VRH in red pine ecosystems that are based on the natural model.
Red pine ecosystems of the Western Great Lakes region, North America
Historically, red pine-dominated ecosystems were an important component of the landscape on dryer sites in the western Great Lakes region of North America, including northern Wisconsin, Michigan, and Minnesota in the United States (US) and southern parts of Ontario and Manitoba in Canada. These forests occupied over 4 million ha in the US alone prior to significant Euro-American settlement (Frelich 1995) . Red pine, along with eastern white pine, is the dominant tree species on these sites, with varying amounts of other species, including balsam fir (Abies balsamea (L.) Mill), white spruce (Picea glauca (Moench) Voss), jack pine (Pinus banksiana Lamb.), trembling and bigtooth aspen (Populus tremuloides Michx., Populus grandidentata Michx.), red maple (Acer rubrum L.), northern red oak (Quercus rubra L.), bur oak (Quercus macrocarpa Michx.), and paper birch (Betula papyrifera Marshall).
Although greatly reduced in area in the contemporary landscape, red pine-dominated forests are still an important timber resource in the region. For example, the province of Ontario, Canada, reported having over 1 million ha of red pine forest (reported with eastern white pine) in 2011 (Watkins 2011 ) and over 156,000 m 3 of red pine was harvested in 2012-2013 from these forests (https://www.ontario.ca/page/annual-report-forest-management-2012-2013). In the three US Lakes States of Minnesota, Wisconsin, and Michigan, the estimated area for red pine forests in 2016 was over 800,000 ha (USDA Forest Service Forest Inventory Data Online; http://fs. fed.us/fia/fido/index.html). Harvested volume in 2016 of red pine was over 1.6 million m 3 . Most of this resource is managed using a timber-focused model, generally consisting of even-aged regeneration systems, planting of red pine, little attention to maintaining or restoring diversity of co-occurring tree species, and little to no meaningful retention. Although this model represents an efficient strategy for maximizing stand-level, crop-tree production, it results in substantially different structure and composition than does the natural model.
Natural disturbance regime
The natural disturbance/development model for the red pine ecosystem is one in which fire plays a prominent role, both as surface and crown fire. In the classical interpretation of the disturbance regime, frequent, low severity surface fire, with return intervals on the order of 5 to 50 years, reduces hardwood competitors, thins populations of pines, and maintains an open woodland structure, with patchy open (50-75%) canopy cover (MN DNR 2003) . Infrequent stand-replacing crown fire is thought to occur with a return interval of 150-250 years (Heinselman 1996) , resulting in the regeneration of even-aged stands; however, this assumed age structure and disturbance regime is largely derived from reconstructed ages obtained from a handful of trees in old-growth stands, as opposed to detailed population-level surveys.
A large body of research over the past century demonstrates that the actual disturbance/development model for red pine ecosystems is more complex than the widely-popularized, classical interpretation described above. This work demonstrates that, historically, fires were quite frequent, with mean return intervals ranging from 9 years and up to 23 years (Guyette et al. 2015; Drobyshev et al. 2008a ). There is a suggestion that this variation was related to Native American burning activity, with shorter return intervals associated with more active use areas. On top of anthropogenic ignition, lightning likely is also an occasional source of ignition (Loope and Anderton 1998). Frequent surface fires served to reduce the abundance of rhizomatous shrub species (e.g., Corylus spp.) and reduce litter layer thickness, allowing for successful pine recruitment following canopy disturbance.
Lower intensity surface fires periodically intensified, resulting in significant mortality of canopy trees, but often in localized within-stand patches as opposed to complete stand-replacement (Bergeron and Brisson 1990; Drobyshev et al. 2008a, b; Fraver and Palik 2012) . Early researchers often noted the complex age and canopy structures of old red pine stands (Bergman 1924 , Shirley 1932 , Eyre and Zehngraff 1948 , recognizing that these conditions likely developed from less than stand-replacement fire and, quoting Shirley (1932) , were "typical of the forest."
While complex age and canopy structures largely result from the heterogeneous nature of the fire regime, there is some evidence for gap or patch-scale tree mortality from wind and fungi in the Armillaria genus (see McLaughlin 2001; Fraver and Palik 2012; Silver et al. 2013 ). These latter disturbances may be important drivers of heterogeneous stand structures, essentially reinforcing the heterogeneous structure resulting from patchy fire, and also may be important for promoting alternation between hardwood and conifer dominance at small patch-scales.
Early twentieth century photographs illustrate the structural characteristics that result from this disturbance regime, including patchy canopy structure, multiple age-cohorts, and regeneration in gaps (Fig. 1) . Quantitative evidence for the disturbance regime and resultant structure comes by way of stand reconstructions in Minnesota, USA (Fig. 2; Fraver and Palik 2012) . These demonstrate that in the past, disturbance dynamics were somewhat variable across the regional landscape, as reflected in the variable red pine age structures, but at the stand-scale, partial canopy disturbances were common leading to new cohorts establishing in close proximity to older cohorts. This interpretation is supported by research from other areas in the Lake States and Canada (Bergeron and Brisson 1990; Drobyshev et al. 2008a, b) .
Legacy characteristics
Structural legacies, including live trees and deadwood, are an important attribute of early successional red pine ecosystems after the disturbances summarized above. A key distinction from legacy characteristics associated with the severe, infrequent disturbance type, such as occurs with Douglas-fir-western hemlock (Franklin et al. 2018) , is that red pine ecosystems are characterized by lesser amounts of deadwood, greater numbers of live tree legacies, and greater spatial heterogeneity of arrangements at within-stand spatial scales, reflecting the often less than stand replacing and patchy nature of disturbance (Fig. 3) .
The spatial heterogeneity of disturbance and legacy creation can be surmised by examining a characteristic tree establishment map from an old-growth stand (Fig. 4) . This example suggests that after disturbances that initiate new cohorts, the distribution of residual trees is spatially heterogeneous, due to varying spatial severity of disturbance. In addition, the intermingling of cohorts in portions of the stand highlights the importance of gap-scale events in generating fine-scale, within-patch heterogeneity in structure and composition.
Most legacy trees left after canopy disturbance are red pine, with some eastern white pine, reflecting the dominance of these species in the old and mature forest stages. Trees likely are complex structurally, with large branch systems, thick bark, buttressed roots, and cavities, and span the range of sizes found in the mature and old forest. Legacy trees from other species, largely fire-sensitive species, are occasional and likely found in patches of unburned forest. These areas also have a well-developed shrub layer, whereas areas experiencing more frequent surface fires have lower shrub abundance and seedbed conditions more receptive for red pine establishment. Snags and dead trees from the pre-disturbance stand include large red and eastern white pines, but also larger individuals of other species in proportions that reflect their live tree abundance in the pre-disturbance forest. After a more severe fire, newly generated deadwood legacies will be well represented by fire-sensitive species.
The key messages here, that have application to designing VRH systems, are that (i) regeneration disturbances often result in patchy, partial overstory mortality with new cohort establishment in patches and in close proximity to surviving overstory trees, (ii) there is spatial heterogeneity in the distribution of legacy structures and canopy characteristics within and among stands, and (iii) legacy trees and structures reflect the species composition and size and age distribution of the pre-disturbance forest. We will next explore how this insight into natural disturbance and legacy characteristics can be used to develop VRH approaches that better emulate the natural model of disturbance for this ecosystem.
Translating a natural model into VRH approaches
A useful framework for developing a VRH approach that is based on a natural model of disturbance is to answer four fundamental questions (Franklin et al. 2007 ), specifically: what to retain, how much to retain, what is the appropriate spatial pattern of retention, and how to account for retention over time. For the red pine-dominated ecosystem, the variation in the natural model of disturbance among stands in a landscape (e.g., Fig. 2) suggests that a spectrum of answers to these questions may be possible, but the answers still need to fall within boundaries defined by the natural model. We will address each of the questions below in the context of our understanding of the natural disturbance regime and its structural and compositional outcomes for the red pine ecosystem.
What to retain? Structural retention
The obvious answer to the question of what to retain is live trees. The less obvious answer is that attention should be given to retaining trees from across a range of diameters, inclusive of the largest individuals in the stand, since partial disturbances by definition leave large trees alive. In the case of surfaces fires that are severe enough to cause mortality of overstory trees, the largest individuals are likely to be the most resistant to mortality from fire, so emulation of this disturbance outcome with VRH should include large individuals. Surface fires that develop into crown fires in patches will also leave large individuals alive, either in the matrix between mortality patches or occasionally within the patches themselves. Specific size recommendations for retention are not possible, since diameter distributions and maximum sizes will vary with stand age, past treatments and disturbance, and site conditions. However, a general rule of thumb is that 75% of retention tree should come from the top 25% of the diameter distribution.
The condition of retention trees should be considered. Retained trees should span a range of qualities if possible, inclusive of large, vigorous trees, as well as decadent, decaying, and declining trees, as would be the case after natural disturbance. Regeneration harvests conducted as part of timber-focused management rarely leave high quality trees behind in any significant number. Historically, when retention has been included as part of timber-focused management it often is focused on trees with limited growth potential, i.e., cull trees (Fig. 5) . Also with timber-focused approach, trees in an obvious state of decline due to diseases, pests, or other causes would rarely be retained; in fact these individuals often are the target of removal during earlier thinning harvests, providing little opportunity for retention during regeneration harvest. Some of these declining trees Fig. 3 Old red pine stand after a partial canopy disturbance, leaving residual live tree legacies. Circa early twentieth century, Chippewa National Forest, MN, USA will survive natural disturbance, especially in patches of forest skipped by disturbance, or in fact be created by the disturbance itself. If they are present at the time of VRH, particularly as larger individuals, some should be retained for habitat value, for future cavity development, and as a likely near-future source of snags and downed large wood.
Mature red pine-dominated stands will likely contain some large snags and logs on the ground (e.g., Fraver and Palik 2012); if these exist in a managed setting, as many as possible should be retained at harvest, given deadwood abundance is often low in managed red pine stands (Silver et al. 2013) . Moreover, snags and logs should be retained across the range of decay classes present. As with live trees, specific size recommendations for retention of deadwood is difficult, as snag and log diameters will vary with site and stand conditions. A general rule of thumb is that all snags above 30 cm in diameter should be retained, as this is the minimum diameter to have functionality for cavity nesting birds. Also, deadwood on the ground that is 30 cm or greater in diameter at the large end should be protected from damage.
Compositional retention
While there are several elements of composition that might be considered with VRH, including retention of non-tree vegetation or protection of advance tree regeneration, here we focus on the species composition of legacy trees. Most retained trees will be red pine and eastern white pine, as these generally are the most abundant species in the ecosystem. However, attention should also be given to retaining some of the richness of other tree species that can occur in this ecosystem. Many of these other species are fire-sensitive, so with a natural fire regime, most would survive as legacies in patches of forest that were skipped by fire. In a managed stand, identifying individuals and populations of these species prior to harvesting and then associating them with retention aggregates, which are patches of retained trees (see below: Spatial pattern of legacies in a stand?), so that they include these populations is an appropriate way to emulate the natural model of disturbance.
How much to retain?
The second question to answer when designing a VRH approach that emulates the natural model is how many legacies to retain. For red pine ecosystems, the answer for legacy trees is that some is better than none because, as reviewed previously, legacy retention has not been practiced in any appreciable way in stands managed for timber. Unfortunately, answering the question in this way can lead down a path of treating stands with even-aged regeneration systems that include some typically low amount of retention, that is, so called clear-cut with reserves. As discussed previously, this is in fact an emulation of the severe, infrequent disturbance regime, rather than the more appropriate mixed-severity disturbance regime. When emulating the latter disturbance regime with VRH, the answer to the question of how much to retain is more appropriately "more is better than some," reflecting the potential for patchy, often less than stand-replacing natural disturbance that can leave significant amounts of live trees standing.
The density of trees to retain during VRH, to emulate the natural model, is difficult to determine from stand reconstructions alone, but still these data sources still can be used as a general guide (e.g., Fig. 2 ). Such reconstructions are a snapshot of the structure of the stand at the time of sampling. Presumably, some number of the trees from older cohorts have died since these trees reached the main canopy of a stand. Thus, using their number to guide VRH is suggestive but not definitive of retention tree density. The best example of using age reconstructions to guide VRH is the Sunken Lake stand in Figs. 2 and 4 . This stand contains three pine cohorts, two of which are young enough to be suggestive of tree density in the older cohort at the time of establishment of the younger cohort. In the Sunken Lake stand, red pine and eastern white pine in the 1903 cohort established in openings within the 1854 cohort. Likely, there were more 1854 cohort canopy trees alive in 1903 than there were at the time of age sampling. However, the number of 1854 trees that have died between the times of their canopy ascension and sampling may actually be small, as red pine and eastern white pine are a long-lived species (300 + years) and, as mentioned above, large, old individuals are particularly resistant to surface fires. Based on this example, it is reasonable to say that a minimum number of large retention trees in a VRH harvest that is patchy and less than stand replacing might be at least 76 per ha, which is the number of 1854 cohort trees alive at the time of sampling. If we assume an average diameter of 40 cm for these trees, then this number corresponds to a retained basal area of approximately 9.6 m 2 /ha. Historical photographs of old-growth stands after natural disturbance are supportive of this general density and stocking as well (Figs. 1 and 3 ).
Other stands in Fig. 2 have cohorts that are too old to make this same kind of interpretation, because too many trees have likely died since they ascended to the main canopy or they are broadly single-cohort (e.g., Itasca, Scenic). However, even for the latter, it should be noted that the single cohorts reflect establishment over 50 to 70 years, calling into question any attempt to label these as even-aged stands, and refuting use of an even-aged regeneration system with narrow age variation to emulate a natural model. Even in these stands, there were new individuals establishing in proximity to the oldest individuals in the cohort. Moreover, in both cases, the single cohorts were old enough that there were likely individuals of an even older cohort alive at the time of initiation of the younger cohort, but that were dead by the time of sampling, as was the case in all the other examples.
The complements of the live trees are deadwood structures generated by natural disturbance. Even with partial stand-replacement disturbance, there will be a lot of deadwood created within the disturbed area. In managed stands, large deadwood structures are often lacking; thus, the VRH may be an opportune time to emulate deadwood dynamics by creating some snags and logs using the equipment on hand. Obviously, a forester would not consider close emulation, as the numbers of snags or logs after natural disturbance may be high. For example, snag densities can range from 24 to 166 stems per hectare in old-growth red pine forests (Silver et al. 2013 ); such levels of snag and deadwood would be economically and operationally unfeasible. Rather, an acceptable rule of thumb is to create three to five logs and snags per hectare that are 30 cm or greater in diameter, with the assumption that mortality of retained live trees will provide more of these legacies over time.
Spatial pattern of legacies in a stand?
The third question to answer is where and how to retain legacies in a stand, that is, what is the spatial pattern of retention in the harvest unit. In general, the answer is typically put into the context of dispersed versus aggregated retention. Consideration of spatial pattern of retention is important because some objectives are best met with dispersed retention and others with aggregated retention (Franklin et al. 2007; Aubry et al. 2004; Franklin et al. 2018 ). The dispersed versus aggregated contrast is readily visualized in forests characterized by severe, infrequent disturbances. VRH approaches in these forests will include low to moderate levels of retention in either dispersed or aggregated patterns, or some combination of the two, to emulate the natural model of disturbance and development.
Spatial pattern of retention is also a consideration in red pine forests characterized by mixed-severity disturbance regimes. Here, the options for variation in pattern are likely to be even greater than in the severe, infrequent disturbance archetype (Fig. 6) . Patterns of retention that reflect the range of variation in the natural model of disturbance may range from moderate levels of dispersed retention (Fig. 6a) to various forms of aggregated retention. The latter may take the form of retention aggregated into patches in the harvest unit, with or without some dispersed trees between aggregates in the cut matrix (Fig. 6b, c) , and may be most suitable if regeneration goals emphasize recruitment of species of lower shade tolerance. The pattern may include large openings as the dominant feature of the harvest, with retention occurring in, around, and between openings (Fig. 6d-f ) . The possible patterns are numerous and all emulate to varying degrees the potential patterns of surviving trees after natural disturbance.
How to account for retention over time?
The final question to answer is a temporal one, specifically, how can a forester integrate the natural dynamics of retained legacies into future silvicultural activities. Retained trees and deadwood structures are not static elements of a stand. Rather, retention trees continue to grow in size and as they age they will develop unique structural attributes, such as deeply furrowed bark, large lateral branches, or cavities. Also, retention trees may die and transition to the deadwood pool and within this pool, snags may transition to downed logs and these logs will progress through various stages of decomposition.
Future silvicultural treatments conducted after the initial VRH need to account for these dynamics in order to sustain the functionality of legacies and to emulate the natural model of development for the ecosystem. A key component of this emulation should include allowing some portion of tree legacies to live out their natural life cycle, including growth, structural development, and mortality, rather than treating these retained trees as crops to be removed in a second harvest entry, as might be done in a shelterwood regeneration system.
The transition into and through the deadwood pool (mortality, fragmentation, decomposition) warrants special temporal consideration as well. While retained pines may survive for decades or even well over a century depending on their age at the time of VRH, these trees will eventually die and transition into the deadwood pool (Fig. 7) . Moreover, large snags will decay and fall and large logs on the ground will decompose. Silvicultural Fig. 7 This retained live red pine was snapped in a windstorm, increasing its ecological footprint in the stand; the resultant footprint should be buffered in future entries, so as to sustain the functioning of both the snag and downed log prescriptions should anticipate these dynamics by, for instance, allowing for an expanding no-traffic buffer around these structures so as to sustain their functionality over time.
Sustaining the functionality of retained structures overtime requires careful documentation of legacy location, particularly of the largest trees, snags, and downed logs in the stand. This should be accompanied by clear descriptions of the long-term objectives for retention to ensure future harvests do not remove retained trees or heavily impact areas near aggregates or retained deadwood structures.
Summary
Answering the four fundamental questions about VRH in the context of a natural model of disturbance and development for red pine ecosystems leads to some generalities that apply to many settings. First, VRH applications should reflect the often extensive, but partial canopy removal by natural disturbance that is characteristic of this ecosystem and results in anywhere from 10 to 60% of legacy trees surviving in regenerating stands. It is important to recognize that greater numbers of legacy trees will survive than if this ecosystem was consistently associated with a severe, infrequent disturbance regime.
Second, retained live trees should span a range of diameters, but favor the larger end of the diameter distribution, as this reflects the likely pattern of survival after natural disturbance and focuses retention efforts on structural elements largely lacking from managed landscapes.
Third, VRH should be applied in ways that vary the spatial pattern of legacy trees in and among stands, but largely in ways that reflect the pattern of spatially patchy canopy structure, with large openings surrounded by less disturbed matrix, as occurs with a natural disturbance regime.
Fourth, with VRH, legacy trees and deadwood structures should reflect the composition of the pre-disturbance forest. For the red pine ecosystem, most trees, snags, and logs will likely be red pine, but eastern white pine and other tree species should be included if they occur in the stand.
Finally, the long potential life spans of red and eastern white pines, with associated growth and structural development even after a disturbance, and the long potential tenure of legacy snags and down logs, require VRH approaches that incorporate plans for documentation of retained structures and clearly stated long-term objectives for their management to maintain functionality.
Variable retention harvesting in practice
Over the last decade, many regional organizations, particularly on public ownerships, have incorporated retention approaches into policy and to varying degrees into effective practice, even when timber production is still a primary objective for management (Table 1) . While certainly an improvement over approaches that disregard the natural model of development, these recommendations mostly reflect thinking about this ecosystem in terms of a severe, infrequent disturbance regime, rather than a mixed-severity disturbance regime.
However, there are some organizations using approaches for retention that better reflect the full suite of considerations for VRH that follow from an understanding of the natural model of development for the ecosystem. In the next section, the VRH approach of one such organization is highlighted, namely the Chippewa National Forest in north central Minnesota, USA.
VRH in red pine ecosystems on Chippewa National Forest
Under a natural disturbance regime, red pine ecosystems on the USDA Forest Service's Chippewa National Forest (CNF), located in north central Minnesota, USA, have a woodland structure, with an open and patchy canopy. As in other parts of the region, these ecosystems are actually mixed in tree species compositions, dominated by red pine, but containing a variety of other species (MN DNR 2003) .
Historically, management of these ecosystems on the CNF and elsewhere in the region uses an even-age regeneration system, mostly clearcutting, with planting of largely red pine at high densities. More recently, the CNF started using VRH, along with diversified regeneration practices, in natural fire origin stands and older plantations to transition them back towards more natural composition and structure, in order to meet a broader suite of ecosystem objectives. Prescriptions can include substantial live tree retention of red pine, as well as eastern white pine and or other species when present. Stand-wide basal areas of retained trees may be on the order of 9 to 16 m 2 /ha. Live tree retention patterns may range from dispersed to aggregated, often in the same unit (Fig. 8) . Retention of large snags and logs on the ground is standard practice. Given the long-term exclusion of frequent surface fires from these ecosystems, additional activities, including mechanical scarification and woody shrub reduction, are required to facilitate tree establishment from planting and from natural regeneration. The focus of regeneration is to enhance the diversity of native trees species in the stand, i. e., not just red pine regeneration.
Ecosystem responses to VRH based on a natural model
Notably, the CNF has implemented a VRH demonstration that uses a large gap/intact matrix approach (Palik et al. 2014 ) that emulates the spatial pattern of cohort structure resulting from natural disturbance, as discussed previously (e.g., Fig. 4) . Harvested in winter [2002] [2003] , this VRH demonstration is designed to jumpstart the restoration of woodlands with two-cohort age structure and mixed-species composition in what at the time were even-aged, dense red pine-dominated stands (Fig. 9) .
Variables that are monitored as part of this demonstration include natural and planted tree regeneration (Montgomery et al. 2013; Roberts et al. 2017) , plant resource availability (Boyden et al. 2012) , tree productivity (Palik et al. 2014) , song bird communities (Shea et al. 2017) , ground layer plant communities (Roberts et al. 2016) , disease responses (Ostry et al. 2012) , and various tree physiological responses to retention (Powers et al. 2009 (Powers et al. , 2011 . In this work, the responses of monitored variables are compared between the large gap/intact matrix configuration of VRH and dispersed retention, with the latter being a configuration that probably is less emulative of the natural model, but is more likely to be implemented in timber-focused programs that have added VRH.
Some key messages have emerged from this comparison that help to inform the development of VRH approaches.
(1) Total stand-wide productivity of tree regeneration is largely invariant to spatial pattern of retention; however, growth of less shade-tolerant species such as red pine and jack pine can be higher with the large gap/intact matrix pattern compared to dispersed retention. If the a goal of management is to favor the establishment and growth of these shade intolerant species, then the pattern based on a natural model of development may be the superior choice. (2) Resource competition from woody shrubs can have an equal or greater influence on productivity of regeneration than that of overstory trees. Recall that historically, the abundance of woody shrubs was reduced by surface fires, but now high densities are a key challenge to pine regeneration. Growth is actually greater in the large gap/intact matrix configuration when combined with woody shrub reduction than it is an open, no retention setting without woody shrub reduction. If managers address both components of resource competition on regeneration, including overstory trees and woody shrubs, then use of a natural model for VRH does not result in an overly inhibitive reduction in productivity. (3) Songbird abundance is largely invariant to pattern of retention; however, species richness is higher with the large gap/intact matrix configuration compared to dispersed retention. (4) Response of ground layer plant communities, including cover/abundance of different functional groups, is largely invariant to retention pattern. The similar responses of bird and plant communities to spatial pattern of retention suggest no loss of biodiversity benefit with the natural model compared to dispersed retention. (5) Finally, several anecdotal or unpublished observations are worth noting. First, the overwhelming preference of observers on tours of this installation prefer the configuration of large gaps and intact matrix over dispersed retention. It is visually appealing and self-evident that it represents a closer Fig. 10 Conceptual representation of alternation of pine dominance when shoot blight disease of red pine is a concern. In the figures, red pine are colored red, eastern white pine are colored white, and jack pine are colored green. Dominant composition of retention trees shifts between red pine (top) and eastern white pine (bottom) with regeneration focused on the opposite species and any additional native species. This alternation breaks up the spatial association of overstory red pine with resident shoot blight with highly susceptible red pine regeneration approximation of the natural model than does dispersed retention. Second, the loggers that implemented the VRH prefer the large gap/intact matrix model over dispersed retention. It is more efficient as measured by time per unit harvest volume than dispersed retention, with less potential for residual tree damage. Finally, unpublished data on tree blowdown over several years since VRH implementation confirm that residual trees are less prone to blowdown when aggregated into the large gap/intact matrix configuration than when dispersed. Trees in the former configuration may provide more mutual protection from strong winds and thus are less likely to suffer damage.
Emulating a natural model with VRH under less than natural conditions
A unique aspect of using VRH in red pine ecosystems on the CNF and in other parts of the western Great Lakes region relates to the increased occurrence of several fungal pathogens (including Sirococcus conigenus and Diplodia pinea) that cause shoot blight and mortality of regenerating pines, especially red pine (Ostry et al. 2012) . Susceptibility of seedlings to the pathogens is most severe when growing near infected overstory trees, since the latter serve as the source of inoculating spores. It is not clear why the occurrence of these pathogens has increased over time, but it may be related to a general lack of surface fire use in the contemporary landscape. The widely accepted management approach for addressing the potential for shoot blight infection is to simplify age structures of red pine stands by managing for even-age structure with no retention of any level. This can greatly reduce the potential for shoot blight diseases, but unfortunately doing so runs contrary to the natural age structure of these ecosystems, which as we have illustrated can include two-and three-cohort and broadly single-cohort stands, all of which put regenerating red pine in close proximity to overstory trees.
An approach used on the CNF for managing red pine forests with retention when there is known or suspected shoot blight issues is to use an alteration of pine dominance concept that depends on diversifying the composition of trees in ways that break up the cycle of shoot blight infection, but is still consistent with the natural model for the ecosystem. For example, an initial VRH may employ retention of live red pine as legacies, with regeneration focused largely on other species native to the ecosystem, notably eastern white pine, jack pine, and oaks. Alternatively, VRH might retain mature eastern white pine and other species, which then presents opportunities to focus regeneration on red pine and other species. In both examples, future VRH's would then alternate the composition of pine retention and regeneration so as to break up the association of mature and regenerating red pine in space (Fig. 10) . This approach still maintains a complex age structure and mixed-species composition in the stand, both of which are characteristics of the natural model for the ecosystem. Common sense is also employed in that red pine may be the focus of regeneration, even with retention of mature red pine, when shoot blight has not been an issue in the area of interest.
Conclusions
While more organizations are incorporating some form of VRH into policy and practice for red pine ecosystems, this often is not based on a comprehensive understanding of the natural model of disturbance/development for these ecosystems as we have presented it here. The same disconnect between good intentions and ecological understanding may well be true for other forest types characterized by a mixed-severity disturbance/development model, or indeed other types with disturbance regimes that are more complicated than the severe, infrequent disturbance type. As we have done for red pine ecosystems, this disconnect can be addressed by considering how a deeper understanding of natural disturbance and stand development translates into VRH approaches that better emulate the natural model. While our focus is on red pine-dominated ecosystems of the western Great Lakes region of North America, our findings should be generally applicable to other forest types characterized by similar disturbance regimes and developmental patterns. 
